INTRODUCTION
The intracellular localization of mRNAs allows cells to properly define the site and time of expression of specific proteins. This mechanism of protein sorting is essential in biological processes like axis determination during embryonic development, asymmetric cell division, cell motility, and neuronal growth (Kindler et al., 2005; St. Johnston, 2005) . In order to avoid any premature or ectopic expression of the localized proteins, the translation of these transcripts is thought to be tightly regulated. This regulation is often mediated by trans-acting factors that interact with cis-acting elements in the untranslated regions (5 0 and 3 0 UTR) of the target mRNAs (Kuersten and Goodwin, 2003) . Translation initiation, the rate limiting step in translation, is frequently the target of these factors (Gingras et al., 1999; Richter and Sonenberg, 2005) . A recent study has shown that translation onset of the neurite-localized b-actin mRNA can occur through the phosphorylation of its translational repressor ZBP1 at the end site of localization, thus providing a spatial regulation of translational activation (Huttelmaier et al., 2005) . It is still unclear how common is this mechanism of spatial regulation.
The budding yeast S. cerevisiae serves as a model system for studying the asymmetric segregation of cell fate determinants through mRNA localization (Chartrand et al., 2001; Darzacq et al., 2003) . The asymmetric sorting of Ash1p to the daughter cell nucleus correlates with the localization of the ASH1 mRNA to the distal tip of daughter cells during the anaphase of the cell cycle (Long et al., 1997; Takizawa et al., 1997) and results in the inhibition of mating type switching in the daughter cell (Jansen et al., 1996; Sil and Herskowitz, 1996) . The core components of the ASH1 mRNA localization machinery have been identified and were shown to form a complex, called the ''locasome,'' which includes Myo4p, She2p, and She3p (Bohl et al., 2000; Long et al., 2000; Takizawa and Vale, 2000) . While the factors involved in ASH1 mRNA sorting are well known, the translational regulation of this transcript is still poorly understood. A previous study has reported that the presence of cis-acting localization elements within the coding sequence of the ASH1 mRNA plays a role in the regulation of its translation (Chartrand et al., 2002) . Moreover, two trans-acting factors, Puf6p and Khd1p, were suggested to participate in ASH1 mRNA translational control (Gu et al., 2004; Irie et al., 2002) , but their specific roles were not determined. Furthermore, how the translation of the ASH1 mRNA is activated at the bud tip is still unknown.
We now report that Khd1p, a protein with three RNA binding hnRNP K homology (KH) domains, is a translational regulator of the ASH1 mRNA that interacts with the C-terminal domain of eIF4G1 and binds the localization element E1 of this mRNA. Interestingly, deletion of the C-terminal domain of eIF4G1 increases the translation of an ASH1 reporter mRNA in vivo. Furthermore, we show that the yeast casein kinase Yck1p interacts with Khd1p at the plasma membrane and phosphorylates the C-terminal end of Khd1p. This phosphorylation disrupts the interaction between Khd1p and RNA and relieves the Khd1p-mediated translational control on an ASH1 reporter mRNA. Our results show that the spatiotemporal regulation of protein synthesis, by which the translational control of a localized mRNA is released only as the transcript reaches its final destination, is an important mechanism for the efficient sorting of a cell fate determinant.
RESULTS

Khd1p
Regulates the Translation of the ASH1 mRNA through the Localization Element E1 To establish the regulating effect of Khd1p on ASH1 mRNA translation, the expression of endogenous Ash1p was compared between a wild-type (WT) KHD1 strain and a khd1 null strain. Deletion of KHD1 resulted in a 2.5-fold increase in myc-tagged Ash1p expression (Figure 1A) . ASH1 mRNA levels are equal in the WT and khd1 strains, suggesting that Khd1p acts at a posttranscriptional level to regulate the expression of Ash1p ( Figure 1B ). To corroborate these results, the kinetics of Ash1p synthesis were measured in WT and khd1 strains. The ASH1 mRNA was expressed from a galactoseinducible promoter, and the synthesis of Ash1p-myc was measured by western blot. After 1 hr of galactose stimulation, the khd1 yeast strain showed a 2-to 3-fold increase in Ash1p synthesis compared to the WT strain (see Figure S1A in the Supplemental Data available with this article online). Northern blot analysis showed that ASH1 mRNA levels were similar in both strains after 1 hr of galactose induction ( Figure S1B ).
Khd1p was previously reported to bind within the first 800 nucleotides of the ASH1 mRNA coding sequence, a region that includes the localization element E1 (Irie et al., 2002) . This localization element is bound by the RNA binding protein She2p and is sufficient to target a transcript to the bud of yeast cells (Chartrand et al., 1999) . We previously reported that disruption of the four ASH1 mRNA localization elements results in the increased synthesis of Ash1p (Chartrand et al., 2002) , suggesting the possibility that one of the localization elements may be a target site for a translational regulation factor. In order to show that a possible interaction between Khd1p and the element E1 is involved in the translational regulation of the ASH1 mRNA, luciferase fusions that contained either the first 900 nucleotides (including the element E1) or the first 621 nucleotides of the coding sequence of ASH1 (omitting the element E1) were generated ( Figure 1C ). For both constructions, the ASH1 coding sequence was in-frame with the luciferase, generating Ash1-Luc fusion proteins. As shown in Figures 1D and  1E and Figure S1C , the fusion of the first 900 nucleotides of the ASH1 coding sequence with luciferase resulted in a 1.8-fold increase in luciferase activity in a khd1 strain compared to a WT strain. In contrast, the luciferase fusion that excluded the localization element E1 showed no difference in activity between WT and khd1 strains. Moreover, the expression of luciferase alone under the ASH1 promoter did not show any difference in the presence or absence of Khd1p (data not shown). To rule out the possibility that the mere binding of a protein within the coding sequence of the ASH1 mRNA would explain such effect on Ash1p synthesis, the same induction of ASH1 mRNA was performed in a yeast strain deleted of the She2 protein, which also binds within the coding sequence of ASH1 (Bohl et al., 2000; Long et al., 2000) . SHE2 deletion did not result in increased Ash1p expression, suggesting a specific effect of Khd1p on Ash1p synthesis ( Figure S1A ).
To test the possibility of a direct interaction between Khd1p and the localization element E1, recombinant GST-Khd1p and in vitro-transcribed localization element E1 RNA were used in an electrophoresis mobility shift assay (EMSA). As shown in Figure 1F , a complex was observed between Khd1p and the E1 RNA. This complex was specific, since only a weak shift was observed between GST-Khd1p and the iron-responsive element (IRE) RNA ( Figure 1F ). Multiple bands were observed at a higher protein concentration, suggesting a possible dimerization of Khd1p with RNA. In a competition assay, the main shifted band was efficiently competed by an excess of unlabeled E1 RNA ( Figure 1F , lanes 11-13) but weakly competed by an excess of unlabeled IRE RNA ( Figure S1D ), which shows that the observed shifts were caused by the formation of a specific protein-RNA complex. Altogether, these results indicate that Khd1p interacts directly with the localization element E1.
Deletion of KHD1 Increases the Ribosome Load on the ASH1 mRNA and Decreases the Asymmetric Distribution of Ash1p To determine at which level of ASH1 mRNA translation Khd1p acts, a sucrose gradient was used to purify the 0.3, 0.64, 1.6 , and 3.2 mM in lanes 1-5 and 6-10; 9.6 mM in lanes 11-13) was added to P 32 -labeled RNA. The free RNA is indicated by an asterisk. Competition of the Khd1p-E1 RNA complex with unlabeled E1 RNA (10 times, 50 times, and 150 times excess, lanes 11-13). Paired t test, *p < 0.005. Error bars indicate mean ± standard deviation from at least four independent experiments. various ribosome fractions from WT or khd1 yeast cells and reveal the distribution of the ASH1 mRNA in these fractions using dot blots. As shown in Figure 2A , the ASH1 mRNA is mostly in the monosome and lower polysomes fractions of the gradient in a WT yeast strain, as is Khd1p ( Figure S2 ). However, when KHD1 was deleted, the ASH1 mRNA was redistributed toward the higher polysome fractions of the gradient ( Figure 2B ). Deletion of KHD1 had no impact on the distribution of the ACT1 mRNA, suggesting that the effect of Khd1p is specific to the ASH1 mRNA. Similar results were obtained when using RT-PCR for the detection of the ASH1 mRNA in the fractions of the polysome gradient (data not shown). Altogether, these results show that Khd1p specifically reduces the ribosome load on the ASH1 mRNA.
Since an increased translation of the ASH1 mRNA has been shown to decrease the asymmetric distribution of Ash1p (Chartrand et al., 2002; Gu et al., 2004) , the effect of a deletion of KHD1 on the distribution of Ash1p in late-anaphase cells was explored using immunofluorescence. While 80% of late-anaphase WT yeasts showed an asymmetric localization of Ash1p in the daughter cell nucleus, only 40% of khd1 yeasts still had Ash1p segregated to the daughter cell nucleus ( Figures 3A and 3B) . These results are similar to those obtained in strains in which all four ASH1 localization elements were moved to the 3 0 UTR of this transcript (Chartrand et al., 2002) or to a puf6 strain (Gu et al., 2004) . To determine if this defective sorting of Ash1p was caused by a decreased localization of the ASH1 mRNA at the bud tip in a khd1 strain, the localization of this transcript was assessed by FISH. As shown in Figures 3C and 3D, ASH1 mRNA localization was similar in both WT and khd1 strains, suggesting that the defect in Ash1p asymmetric distribution observed in a khd1 strain was not due to the mislocalization of its transcript.
Khd1p Interacts with the C-Terminal Domain of eIF4G1
Large-scale affinity precipitation assays have shown that Khd1p is associated in vivo with several proteins involved in translation initiation: eIF4E, eIF4G1, eIF4G2, and Pabp1 (Gavin et al., 2002 (Gavin et al., , 2006 . Among these proteins, eIF4E and eIF4G are the two that are the more frequently targeted by translation regulation factors (Gingras et al., 1999) . In order to identify the mechanism by which Khd1p regulates the translation of the ASH1 mRNA, the interaction between Khd1p and these two translation initiation factors was investigated by GST pull-down assay using a yeast extract containing TAP-tagged Khd1p. Khd1p-TAP from the yeast extract was retained by an immobilized GST-eIF4G1 recombinant protein, but not by GST alone ( Figure 4A ). Treatment with RNase A disrupted this complex, suggesting that the interaction is facilitated by the presence of RNA. No interaction between Khd1p-TAP and the cap binding protein eIF4E was detected by this approach (data not shown).
Since the interaction between Khd1p and eIF4G1 is RNA dependent, it could be the result of the two proteins being bound to the same RNA. In order to verify this possibility, the same GST pull-down assay was performed with myc-tagged She2p. Since both Khd1p and She2p bind the E1 element of the ASH1 mRNA, one can expect She2p to interact with eIF4G1 if the interaction is solely the result of RNA binding. Using this assay, She2p and eIF4G1 did not interact in the presence or absence of RNA ( Figure 4B ), suggesting that indirect protein-RNA interactions do not explain the association of eIF4G and Khd1p. Moreover, the interaction between Khd1p and eIF4G1 was confirmed in vitro by using recombinant GST-eIF4G1 and Khd1p-His 6 purified from bacteria ( Figure 4C ). To identify the Khd1p binding site on eIF4G1, recombinant GST fusions of deletion mutants of eIF4G1 were generated and tested in GST pull-down assays with the TAP-tagged Khd1 protein. The results show that only the fusions that contain the C-terminal domain of eIF4G1, from amino acids 850 to 952, are capable of binding Khd1p-TAP ( Figure 4D ).
While these results showed that the C-terminal domain of eIF4G1 interacts with Khd1p, they did not prove that this interaction is involved in the translational control of the ASH1 mRNA. The implication of the C-terminal domain of eIF4G1 in the translational control of the ASH1 mRNA was assessed in vivo by using a yeast strain knocked out for both TIF4631 (eIF4G1) and TIF4632 Molecular Cell (eIF4G2) genes and which only expressed full-length eIF4G1 (eIF4G1 WT) or a C-terminal deletion of eIF4G1 (eIF4G1-DCterm) from a single-copy vector. Since general translation was decreased in the strain lacking the C-terminal domain of eIF4G1 (Berset et al., 2003) , the luciferase activity was normalized on the total protein concentration from the extracts in order to compare the relative luciferase activity of these strains despite the deletion of the C-terminal domain of eIF4G1. As shown in Figure 4E , the expression of the Ash1 1-900 -luciferase fusion was increased by 1.7-fold in the strain expressing eIF4G1-DCterm compared to the strain expressing the full-length eIF4G1. In comparison, the expression of luciferase alone showed no significant difference between the two strains ( Figure 4F ). These results suggest that the C-terminal domain of eIF4G1 is involved in the translational control of the ASH1 mRNA.
Khd1p Is Phosphorylated by the Plasma MembraneAnchored Casein Kinase Yck1p
The identification of eIF4G1 and Khd1p as key actors in the regulation of ASH1 mRNA translation raises the question of how the translation of this transcript is activated. As we and others have shown, translational control is important for the proper sorting of Ash1p (Chartrand et al., 2002; Gu et al., 2004) . However, there must be a mechanism to activate the translation of the ASH1 mRNA as it reaches the bud tip. One possibility is that posttranslational modification of Khd1p could remodel the translation regulation complex and trigger the release of ASH1 mRNA from translational repression, allowing local protein synthesis at the bud tip. Indeed, previous studies have reported that the phosphorylation of tyrosine residues near the KH domain proteins hnRNP K and ZBP1 modulate their activity as translational regulators (Huttelmaier et al., 2005; Ostareck-Lederer et al., 2002) .
To verify that Khd1p is a phosphoprotein, a metabolic labeling of yeasts expressing Khd1p-GFP or GFP alone was performed using P 32 -labeled orthophosphate, followed by immunoprecipitation using an anti-GFP antibody. As shown in Figure 5A , P 32 -labeled Khd1-GFP was detected by autoradiography, which shows that Khd1p is indeed phosphorylated in vivo. To identify a candidate kinase involved in Khd1p phosphorylation, we turned toward an in vitro large-scale phosphorylation study of yeast kinases that reported that Khd1p is a substrate for the serine/threonine kinase Yck1p, a type 1 casein kinase (CK1) (Ptacek et al., 2005) . To assess the relevance of Yck1p activity on the translational regulation of the ASH1 mRNA in vivo, the expression of the Ash1 1-900 -luciferase reporter was measured in a WT, a yck1 knockout, and a khd1 yck1 double knockout strain. As shown in Figure 5B , Ash1-luciferase activity was reduced by 2.5-fold in a yck1 strain compared to a WT strain. Northern blots indicated that the Yck1p-dependant regulation of Ash1-luciferase expression was not due to variations in mRNA levels ( Figure 5C ). Normal Ash1-luciferase expression was restored in a khd1 yck1 double knockout, suggesting that Yck1p is involved in the translational control of the ASH1 1-900 -LUC mRNA and acts through Khd1p.
Yck1p is anchored at the plasma membrane (Babu et al., 2002) , while Khd1p accumulates in the cytoplasm (Huh et al., 2003) . To determine if Yck1p interacts with Khd1p in vivo, a Split-Venus protein complementation assay was used (Michnick et al., 2006) . In this assay, based on a split fluorescent protein, Khd1p was fused to fragment 2 of the Venus protein (VF2), while Yck1p harbored an N-terminal Venus fragment 1 (VF1). When both proteins were coexpressed, the fluorescence of the reconstituted Venus protein was observed at the cell periphery, indicating that Khd1p and Yck1p can interact in vivo (Figure 5Da ). When Khd1p-VF2 was coexpressed with VF1 alone, a diffuse cytoplasmic fluorescence signal was observed (Figure 5Dc ). Coexpression of VF2 and VF1-Yck1p, or VF2 and VF1, showed no fluorescent signal (Figures 5De and 5Dg) . Altogether, these results show that Yck1p can interact with Khd1p at the plasma membrane.
To determine if Khd1p is directly phosphorylated by Yck1p, recombinant GST-Khd1p was expressed and purified from E. coli and used in an in vitro phosphorylation assay with yeast-purified His-tagged Yck1p (Moriya and Johnston, 2004) . This assay showed that full-length GST-Khd1p was readily phosphorylated in vitro by Yck1p-His-proA ( Figure 6B ). Yeast-purified Yck1p-HisproA was pulled down by GST-Khd1p in vitro, but not by GST alone, confirming the interaction between these two proteins ( Figure S3A ). Finally, recombinant CK1 from rat was also found to phosphorylate GST-Khd1p in vitro, which supports the observation that Khd1p is a substrate for CK1 ( Figure S3B ). To identify the Yck1p phosphorylation site(s) on Khd1p, deletions mutants of Khd1p were used in the in vitro phosphorylation assay ( Figure 6A ). While in silico analysis predicted two perfect CK1 sites within the first 260 amino acids of Khd1p, only a fragment that consists of the last 49 amino acids, next to the third KH domain, was found to be phosphorylated by Yck1p in vitro ( Figure 6B ). Within these 49 amino acids, four serines and two threonines constitute potential phosphorylation sites, and all match the CK1 consensus site: D/E 2-4 -X 2-0 -S/T (Kennelly and Krebs, 1991) . To confirm that these six residues constitute the Yck1p phosphorylation site of Khd1p, they were all mutated to alanines, and the resulting GST-Khd1p-MUT protein was poorly phosphorylated by Yck1p ( Figure 6C ). Interestingly, a recent large-scale phosphoproteomic analysis in S. cerevisiae reported the identification of a phosphoserine residue at position 358 of Khd1p purified from yeast (Chi et al., 2007) . This serine is one of the mutated residues in the GST-Khd1-MUT protein (asterisk in Figure 6A ), suggesting that Yck1p might phosphorylate this residue. 
Phosphorylation of Khd1p at Its C Terminus Reduces
Molecular Cell
and as a translational repressor. Since the phosphorylation of RNA binding proteins has previously been shown to decrease their affinity for RNA (Ostareck-Lederer et al., 2002) , the phosphorylation of Khd1p by Yck1p may affect its interaction with the E1 RNA. To test this possibility, recombinant GST-Khd1p purified from bacteria was phosphorylated in vitro by rat CK1 and used in a gel shift assay with the E1 RNA. Rat CK1 was used because of its higher enzymatic activity and the fact that it phosphorylates the same residues on Khd1p as Yck1p (as shown by the poor phosphorylation of the Khd1-MUT protein by the rat CK1; Figure S4C ). CK1-phosphorylated GST-Khd1p interacted weakly with the E1 RNA compared to the unphosphorylated form of GST-Khd1p ( Figure 6D ), suggesting that CK1 phosphorylation decreases the RNA binding capacity of Khd1p.
Phosphorylation of Khd1p Relieves the Translational
Repression on an ASH1 Reporter mRNA Finally, the Khd1 and Khd1-MUT proteins were expressed at near-endogenous level in yeast from a single-copy plasmid with the KHD1 promoter (plasmids pKHD1 and pKHD1-MUT). We first established that the mutations at the C-terminal end of Khd1p had no effect on its expression level compared to WT Khd1p ( Figure S4A ). Khd1p-MUT was as functional as the WT Khd1 protein, since a Khd1p-MUT-GFP was retained by an immobilized GST-eIF4G1 recombinant protein ( Figure S4B ) and recombinant GST-Khd1p-MUT had the same capacity to bind RNA than the WT Khd1p (data not shown). To determine the effect of the mutations of the six C-terminal serine and threonine residues on the phosphorylation of Khd1p in vivo, a metabolic labeling of yeasts expressing Khd1p-GFP or Khd1p-MUT-GFP was performed using P 32 -labeled orthophosphate, followed by immunoprecipitation using an anti-GFP antibody. As shown in Figure 6E , while P 32 -labeled Khd1p-GFP was detected, little phospho-labeled Khd1p-MUT-GFP was present after immunoprecipitation, suggesting that these mutations decrease the phosphorylation of Khd1p in vivo. The significance of the phosphorylation of Khd1p on the translation of the ASH1 1-900 -LUC mRNA was also assessed. A khd1 yeast strain cotransformed with the WT KHD1 plasmid, and the ASH1 1-900 -LUC reporter had the same luciferase activity as a WT yeast strain (bars 1 and 2, Figure 6F ). The translation of the ASH1 1-900 -LUC mRNA was sensitive to the deletion of the YCK1 gene when the WT KHD1 plasmid was present, as shown by the nearly 2-fold decrease in luciferase activity in this strain (bar 3, Figure 6F ). Mutations of the S/T residues of Khd1p that are phosphorylated by Yck1p had the same effect on the luciferase activity as did the deletion of YCK1 (compare bars 2 and 3 versus 2 and 4, Figure 6F ). Moreover, deletion of YCK1 had no impact on the luciferase activity in the yeast strain expressing Khd1p-MUT (compare bars 4 and 5, Figure 6F) , suggesting that the effect of Yck1p on the translation of the ASH1 1-900 -LUC reporter mRNA is mediated by its phosphorylation of the serine and threonine residues at the C-terminal end of Khd1p. From all these results, we conclude that phosphorylation of the C-terminal serine and threonine residues of Khd1p by Yck1p decreases the activity of Khd1p as a translational repressor by interfering with its binding to the localization element E1 of the ASH1 mRNA.
DISCUSSION
Khd1p: An Unconventional Translational Regulator
Several KH domain proteins, like hnRNP K, ZBP1, and GLD-1, are known regulators of translation (Huttelmaier et al., 2005; Jan et al., 1999; Ostareck-Lederer et al., 2002) . But how these factors interact with the translation initiation machinery and repress translation is still unknown. In the current study, we have identified Khd1p as a bona fide eIF4G1-interacting protein that regulates the translation of the ASH1 mRNA. First, deletion of KHD1 enhances the ribosome load on the ASH1 mRNA, resulting in increased synthesis of the Ash1 protein. Second, Khd1p interacts directly with the localization element E1 of the ASH1 mRNA and with the C-terminal domain of eIF4G1. Third, deletion of the C-terminal domain of eIF4G1 increases the translation of an ASH1-LUC mRNA reporter, suggesting that this domain of eIF4G1 is involved in the translational control of this transcript. Previous evidence of a role for Khd1p in the control of ASH1 mRNA translation came from the overexpression of this factor, which results in a reduced Ash1p level in yeast (Irie et al., 2002) . There is also genetic evidence that Khd1p regulates the asymmetric activation of the HO promoter, which is repressed by Ash1p. Overexpression of Khd1p suppresses myo4 and she3 deletions in a genetic assay based on the asymmetric activation of the HO promoter, pointing toward a role of Khd1p in the regulation of the ASH1/SHE pathway (Irie et al., 2002; Tadauchi et al., 2004) .
The finding that the deletion of KHD1 results in increased accumulation of Ash1p in the mother cell nucleus, even if the ASH1 mRNA is still properly localized at the bud tip, underlines the importance of combining translational control to mRNA transport in order to avoid any premature protein synthesis before the transcript reaches its final destination. In the absence of Khd1p, early Ash1p synthesis during the transport of the ASH1 mRNA results in the ectopic accumulation of Ash1p in the mother cell nucleus. As Puf6p is also implicated in the translational control of the ASH1 mRNA (Gu et al., 2004) , this double control of Ash1p synthesis may reduce (C) Levels of ASH1 1-900 -LUC mRNA and ACT1 mRNA in a WT, yck1 null strain, yck1 khd1 double knockout strain, and ash1 strain, as detected by northern blot. (D) Split-Venus protein complementation assay between Khd1p and Yck1p.
any undesirable leakage of this factor to the mother cell before cytokinesis, which would be detrimental to the asymmetry in mating type switching.
This study also reveals that Khd1p is an unconventional regulator of translation. First, most known translational repressors or activators interact with mRNAs in their 5 0 or 3 0 untranslated regions (de Moor et al., 2005; Pickering and Willis, 2005) . Surprisingly, Khd1p is instead recruited within the coding sequence of the mRNA it regulates. To our knowledge, this is the only known translational regulator to do so. Since Khd1p has been reported to interact with several other mRNAs beside ASH1 (Gerber et al., 2004) , it will be interesting to find if it binds these transcripts in their coding sequences and represses their translation. Second, Khd1p interacts with the C-terminal domain of eIF4G1, a domain not usually targeted by translation regulation factors. Unlike the mammalian eIF4G, the yeast eIF4G C-terminal domain does not recruit the kinase Mnk1 but binds RNA instead (Berset et al., 2003) . The C-terminal end contains one of the three RNA binding domains of eIF4G1, and it is important for its function, since its deletion reduces protein synthesis in yeast. However, its specific role is not clear yet. While recombinant Khd1p and eIF4G1 were found to interact in vitro, their association may be enhanced by the interaction with the localization element E1, as suggested by the RNA dependency of their interaction in the GST pulldown assays. Our data support a model in which Khd1p bound to the localization element E1 interacts with eIF4G1 and affects its capacity to promote translation initiation on the ASH1 mRNA ( Figure 7A) . The mechanism by which the Khd1p-eIF4G1 interaction inhibits translation initiation remains to be elucidated.
A Role for CK1 in Translational Control
CK1 is a ubiquitous kinase in the eukaryotic kingdom and is involved in processes as various as cell division, apoptosis, and membrane transport (Knippschild et al., 2005) . It is also implicated in the regulation of the Wnt and hedgehog pathways, which play crucial roles in many aspects of development in vertebrate and invertebrate (Price, 2006) . In this study, we have identified a function for this kinase in the translational control of a specific mRNA and in regulating the spatiotemporal expression of a cell fate determinant.
Our results show that the yeast casein kinase Yck1p is important for relieving the Khd1p-mediated translational control on the ASH1 mRNA. First, Yck1p interacts with Khd1p at the plasma membrane and phosphorylates its C-terminal end. Second, this phosphorylation decreases the affinity between Khd1p and the localization element E1. Third, mutagenesis of the CK1-phosphorylated residues at the C-terminal end of Khd1p and the deletion of YCK1 decrease the translation of an ASH1 reporter mRNA, suggesting that Yck1p is important for the activation of ASH1 mRNA translation. Data from epifluorescence microscopy show that, while Khd1p is present in the cytoplasm, Yck1p and Khd1p interact only at the plasma membrane. Since Khd1p colocalizes with the ASH1 mRNA at the bud tip (Irie et al., 2002) , this would restrict the location where the ASH1 mRNA/Khd1p complex comes into proximity with Yck1p to the bud cortex. From these results, we propose that the translation of ASH1 mRNA is controlled by the Khd1p/eIF4G1 complex during its transport ( Figure 7B ). As the ASH1 mRNA/Khd1p/eIF4G1 complex reaches the bud tip, Khd1p is phosphorylated by Yck1p anchored at the plasma membrane, relieving its interaction with the ASH1 mRNA and activating its translation locally. In this model, the localization machinery controls the location where the ASH1 mRNA is to be translated (the bud tip), while the Khd1p/Yck1p interaction controls both the location and the time when the ASH1 mRNA is to be translated (as it reaches the bud tip). In the absence of Yck1p, Khd1p maintains its repression on the translation of the ASH1 mRNA, which would explain the decreased level of Ash1-luciferase protein in a yck1 strain. But why is there a need for a rapid activation of ASH1 mRNA translation when it reaches the bud tip? One explanation comes from the finding that insertion of a stop codon after the initation codon of the ASH1 mRNA reduces its tight localization at the cortex (Gonzalez et al., 1999; Irie et al., 2002) , implicating translation in the process of cortical anchoring of this mRNA. Interestingly, another kinase known to regulate the translation of a localized transcript is Src, a membraneanchored kinase that promotes translation of the neurite-localized b-actin mRNA (Huttelmaier et al., 2005) .
Since most localized mRNAs in species studied so far are targeted close to the plasma membrane, membraneassociated kinases like Src and CK1 may be key regulators of the local translation of these transcripts or in releasing these mRNAs from their localization machinery, through their capacity to phosphorylate the RNA binding proteins associated with these transcripts.
EXPERIMENTAL PROCEDURES
Growth Media and Yeast Strains
Yeast cells were grown in either synthetic growth media lacking the nutrients indicated or rich media (Rose et al., 1990) . Transformation was performed according to the protocol of Gietz and Schiestl (Schiestl and Gietz, 1989) . Yeast gene disruption cassette was created by PCR amplification of the loxP-KAN-loxP construct in plasmid pUG6 and primer specifics for the gene of interest (Guldener et al., 1996) . Specific disruption was confirmed by PCR analysis of genomic DNA. Yeasts strains used in this study are described in Table S1 .
Plasmid Constructions
Plasmid YIP128-GAL1prom-ASH1-MYC is described in Chartrand et al. (2002) . Plasmids containing ASH1-luciferase fusions were made from the Firefly luciferase of the pGL3 plasmid (Promega). All luciferase fusions are in-frame with the Ash1 protein. The luciferase fusion under the endogenous ASH1 promoter containing the ASH1 1-900 fragment was obtained by subcloning the SacI-NcoI fragment of C3319 in pGL3 Basic (Promega). The SacI-SalI fragment from the resulting vector was subcloned in YCP33. ASH1 1-621 -FLuc and FLuc were cloned under ASH1 endogenous promoter in YCP33 by recombination in yeast. All KHD1 in fusion with GST was cloned in pGEX-4T-1 or pGEX-5X-3 (GE Healthcare) plasmids as EcoRIXhoI PCR fragments. GST fusions of eIF4G were generated by PCR amplification. For Venus PCA fusions, KHD1 was cloned as an XbaIBspEI fragment in p415-linker-VF2 ,and YCK1 was cloned as a EcoRI-BamHI fragment in p416-VF1 linker (kind gifts from Emily Manderson and Stephen W. Michnick). pPC3 and pPC4 were obtained by cloning a BspEI-XhoI GFP fragment in pPC1 and p415-VF2. Endogenous KHD1 promoter was cloned as SacI-PstI fragment in pPC4 to obtain pPC5. pKHD1 and pKHD1-MUT were cloned as XbaI-XhoI fragments in pPC5. Plasmids used in this study are described in Table S2 .
Luciferase Assays
Overnight cell cultures were diluted to OD 600 = 0.1 and grown to OD 600 = 0.8 in 5 mL cultures. Cells were resuspended in 150 mL PBS 13, 6 mM NaN 3 , aprotinin, leupeptin, pepstatin, and PMSF and broken with glass beads. Extracts were cleared, and 20 mL of the extract was used with 80 mL of LAR (Promega) for the luciferase assay, and the results were normalized on the total protein concentration obtained by Bradford. All luciferase assays are the average of at least four independent experiments.
Northern Blots RNA was purified from yeast cultures according to (Schmitt et al., 1990) . Northern blots were performed according to Sambrook and Russel (2001) . ASH1, FLUC, and ACT1 probes were labeled with [a-32 P] dCTP using Ready-To-Go DNA Labeling Beads ÀdCTP (Amersham).
Fluorescence In Situ Hybridization and Immunofluorescence
Yeast cells were processed for fluorescent in situ hybridization and immunofluorescence according to the protocols described in Chartrand et al. (2000) . For in situ hybridization, yeast spheroplasts were hybridized with a pool of Cy3-conjugated ASH1 DNA oligonucleotide probes. For immunofluorescence, a 1:50 dilution of a mouse antimyc 9E10 antibody (Roche) was used as primary antibody. For the secondary antibody, a 1:1000 dilution of a Donkey anti-Mouse Oregon Green-conjugated antibody (Jackson Laboratories) was used.
GST Pull-Downs GST fusions of eIF4G1 were purified according to Tarun and Sachs (1996) . Briefly, transformed BL21 cells were grown to an OD 600 of 0.6 in 1 liter and induced with 0.5 mM IPTG for 4 hr. Cells washed with buffer C (150 mM NaCl, 16 mM Na 2 HPO 4 , 4 mM NaH 2 PO 4 ), resuspended in 10 mL and aliquoted in 2 mL, and frozen at À80 C. Aliquot containing recombinant GST-eIF4G1 was thawed, brought to 0.1% Triton X-100, 87.5 mg/mL PMSF, 5 mg/mL pepstatin, 5 mg/mL aprotinin, 5 mg/mL leupeptin, and sonicated 10 s, then put on ice five times. Extract was cleared, and supernatant was incubated 1.5 hr at 4 C with glutathione Sepharose-4B (Amersham) and washed three times with buffer C, 0.1% Triton X-100. Strains S288C-Khd1-TAP and K699-She2-myc were grown to an OD 600 of 1, and 100 OD 600 was broken with glass beads in 1 ml of buffer A (PBS 13, 0.1% Triton X-100, 87.5 mg/mL PMSF, 5 mg/mL pepstatin, 5 mg/mL aprotinin, 5 mg/mL leupeptin). Extract was cleared, and the supernatant was applied on immobilized GST-eIF4G1 for 2 hr at 4 C. Beads were washed five times in buffer A and eluted by boiling in loading buffer for 3 min. Eluted proteins were loaded on a 10% SDS-PAGE gel and transferred to Hybond-ECL nitrocellulose membrane (Amersham).
The membrane was incubated first with a goat anti-mouse-HRP (1:1000) (Amersham) and second with a rabbit anti-Goat-HRP (1:1000) (Sigma) and revealed with the ECL kit (Amersham).
Electrophoretic Mobility Shift Assays
To produce in vitro-transcribed RNA, plasmids pGEM-E1 and pGEM-IRE were linearized with EcoRI and transcribed with T7 RNA polymerase in the presence of [a-32 P]CTP (Jorgen et al., 1998) . The transcripts were purified on 6% denaturing polyacrylamide gels, then extracted and desalted on G25 Sephadex spin columns (Roche). For unlabeled RNAs, the transcripts were purified, after treatment with DNase I, by phenol/chloroform extraction, ethanol precipitation, and desalting on G25 Sephadex spin columns. GST-Khd1p was expressed and purified according to the protocol published by Pharmacia. For EMSA, the 32 Plabeled RNA was denatured by heating at 85 C for 2 min in the binding buffer and allowed to fold at room temperature for 10 min. A total of 10,000 CPM of labeled RNA ($1 ng) was added to the binding buffer (10 mM HEPES [pH. 7.4], 150 mM KCl, 1 mM DTT, 5 mM MgCl 2 , 4% glycerol, 15 U RNase Inhibitor [Pharmacia]) prior to the addition of various concentration of recombinant protein up to a final volume of 20 ml. The reactions were incubated at 4 C for 30 min, then 2 ml of 10 mg/ml heparin was added and incubated for ten more minutes at 4 C to prevent nonspecific interactions. The samples were separated on a 4% nondenaturing gel at 120V for 4 hr at 4 C, dried, and exposed overnight with Kodak films. For competition experiments, unlabeled RNAs were added prior to the addition of the protein.
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